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Abstrat The lithium plateau observed in halo stars has long appeared as a paradox in the general ontext of
the lithium abundane behavior in stellar outer layers. First, the plateau is at, seond, the lithium abundane
dispersion is extremely small. This seems in ontradition with the large lithium variations observed in younger
stars. It is also diult to understand theoretially : as lithium nulei are destroyed by nulear reations at a
relatively low temperature (
∼= 2.5 million degrees), the ourrene of marosopi motions in the stellar outer
layers easily lead to lithium depletion at the surfae. On the other hand, if no marosopi motions our in
the stellar gas, lithium is subjet to mirosopi diusion whih, in the ase of halo stars, should also lead to
depletion. Several ideas have been proposed to aount for the lithium behavior in halo stars. The most promising
possibilities were rotational-indued mixing, whih ould redue lithium in the same way for all the stars (Vaulair
1988, Pinsonneault et al. 1992 and 1999) and mass-loss, whih ould oppose the lithium settling (Vaulair &
Charbonnel 1995 and 1998). In both ases however, the parameters should be tightly adjusted to prevent any
dispersion in the nal results. Vaulair (1999) (paper I) looked for a physial proess whih ould our in slowly
rotating stars and explain why the dispersion of the lithium abundanes in the halo stars' plateau is so small. She
pointed out that the µ-gradient terms whih appear in the omputations of the meridional irulation veloity
(e.g. Mestel 1953) were not introdued in previous omputations of rotationally-indued mixing. This an lead
to a self-regulating proess whih redues the eieny of the meridional irulation as well as the mirosopi
diusion. Here we present numerial omputations of this proess and its inuene on the lithium abundane
variations in halo stars. We show that in slowly rotating stars, under some onditions, lithium an be depleted by
a fator of up to two with a dispersion smaller than 0.1 dex in the middle part of the lithium plateau. We derive
a primordial lithium abundane of 2.5±0.1, onsistent with the reent determinations of D/H and
4
He/H.
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1. Introdution
Prior to the rst lithium detetion in halo stars by Spite &
Spite (1982), the primordial
7
Li value was believed to lie
around A(Li) = 3.3 (in the log H = 12 sale), whih or-
responds to both the meteoriti and the maximum lithium
abundane in Pop I stars throughout the entire observed
Teff range (8000-4500 K). Below this maximum value, the
observations revealed a large satter in the Li - Teff plane,
with an evidene of lithium derease with age for stars of
similar Teff .
For this reason it was expeted that, due to their age,
halo stars should have destroyed all their lithium. In this
ontext, the rst lithium detetion in these stars, with a
value A(Li)= 2.1, only one order of magnitude smaller
Send oprint requests to: Sylvie Théado
than the maximum Pop I value, was a surprise. The shok
was still stronger when the observations in dierent stars,
with dierent masses and metalliities, presented the same
lithium value over a range of 800 K in eetive tempera-
ture (6250-5480 K).
From then on, the observers swithed to another ex-
treme : the idea that lithium should be depleted in these
stars was ompletely rejeted on the basis of the onstany
and very small dispersion of its abundanes. The observed
value was then supposed to represent the primordial abun-
dane, without any modiation, and was sold as suh to
osmologists. Meanwhile, theoretiians went on laiming
that, from all possible omputations of stellar struture,
the lithium abundane ould not keep exatly the same
value in stars during 14 billions years, without any alter-
ation.
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In the present paper, we argue that we an reonile
the theory with the observations and obtain a onsistent
view of the lithium behavior in stars.
In setion 2, we disuss reent improvements on the
observational side and show that the areful studies of the
lithium abundanes in the  Spite plateau, obtained from
various authors, lead to the onlusion that the dispersion
is smaller than 0.1 dex. Meanwhile, the detetion of
6
Li, if
onrmed, puts strong onstraints on the possible lithium
destrution by nulear reations in these stars (otherwise
no
6
Li should be left).
A theoretial disussion about previous models for
lithium abundane variations in population II stars is
given in setion 3.
In setion 4, we show how the introdution of the ef-
fet of µ-gradients in the omputations of rotation-indued
mixing, as disussed by Vaulair (1999) (paper I) mod-
ies the previously published results. We argue that a
self-regulating proess may take plae, whih may explain
most of the lithium observations in halo stars.
Setion 5 is devoted to the results obtained from nu-
merial omputations of this proess and its inuene on
the lithium abundane variations in dierent stars with
various masses, rotational veloities and metalliities.
We give our onlusions in setion 6, inluding a dis-
ussion about the assumptions introdued in our ompu-
tations. In the framework of our model, we obtain a pri-
mordial lithium abundane of 2.5±0.1.
2. The lithium plateau : observational onstraints
Sine the rst observations of the lithium plateau by Spite
& Spite (1982), many abundane determinations have on-
rmed the onstany and very small dispersion of the
lithium value in most halo stars with eetive tempera-
tures larger than 5500 K. This result lead the observers to
the onlusion that the observed lithium abundane was
exatly the pristine value, although theoretial omputa-
tions predited some lithium depletion in these stars. We
rst give a short summary of the important observational
onstraints and then we will disuss the theoretial models
proposed in the literature.
2.1. Trends with temperature and metalliity
The observed lithium plateau is at, at least to a
rst approximation. Some doubts still appear, however,
about possible small variations with eetive temperature
and/or metalliity.
Thorburn (1994) found that the lithium plateau pre-
sented a positive slope with Teff whih, she argued, would
not exist if the lithium was primordial. She also found a
general trend of the lithium abundane with metalliity
whih ould explain part of the satter that she observed
on the Spite plateau. She suggested that the slight in-
rease of the lithium abundane with [Fe/H℄ ould be due
to a small prodution of lithium in the early life of the
galaxy.
While Norris et al. (1994) and Ryan et al. (1996) on-
rmed these results, Molaro et al. (1995) argued that the
slope of the plateau disappears when a subset of stars with
temperature based on Balmer lines proles is adopted.
They found no orrelation between lithium abundanes
and metalliity for [Fe/H℄ < −1.4.
Later on, Bonifaio & Molaro (1997) studied a sam-
ple of 41 plateau stars, to investigate in more detail the
distribution of lithium abundanes with [Fe/H℄ and Teff .
They used a new eetive temperature sale based on the
new aurate infrared ux method (IRFM, Blakwell et
al. 1990) applied to a large sample of stars by Alonso et
al. (1996). They found only a tiny trend with Teff and no
trend with [Fe/H℄. Using mean lithium values orreted
for standard depletion and NLTE eets, they give for
the primordial abundane : A(Li0) = 2.238± 0.012.
Meanwhile Ryan et al. (1999) studied 23 very metal-
poor stars hosen to enable a preise measurement of the
dispersion in the Spite plateau : they found no evi-
dene for a trend with Teff but they do reover a strong
dependene of the lithium abundane with metalliity,
whih they attribute to the hemial evolution in the early
galaxy. The value they derive for the primordial abun-
dane, taking into aount galati hemial evolution but
no depletion, lies below the mean plateau value : 2.0 dex
only, with a systemati error of 0.1 dex.
While the question of slight lithium slopes with ee-
tive temperature and/or metalliity is not yet ompletely
settled, everyone agrees on the fat that some stars oth-
erwise indistinguishable from normal plateau stars show
large lithium deienies, well below the plateau itself
(Hobbs et al. 1991, Thorburn 1994, Norris et al. 1997).
Although these stars are ertainly lithium depleted, so
that their observed abundanes are quite dierent from
the pristine one, they must be aounted for in the theo-
retial senarios. Norris et al. (1997) measured the abun-
danes of 14 elements (Fe, Mg, Al, Si, Ca, S, Ti, Cr, Mn,
Co, Ni, Sr, Y, Ba) for the metal poor stars G66-30, G139-
8 and G186-26, whih are highly lithium deient and lie
near the main sequene ut-o. They found no abundane
anomalies for the other elements that one might assoiate
with the lithium deienies. This result is in favor of a
nulear lithium destrution and negligible element settling
in these stars.
2.2. Lithium abundane dispersion in the plateau
Sine 1982, many authors have disussed the possible ex-
istene of an intrinsi dispersion in the Spite plateau.
Deliyannis et al. (1993), supported by Thorburn (1994),
argued that the spread in measured plateau stars abun-
danes exeeded that expeted from observational data.
They gave values of about 20% (Deliyannis et al. 1993)
to 25% (Thorburn 1994). Molaro et al. (1995), Spite et
al.(1996) and Bonifaio & Molaro (1997) have questioned
whether some of the error estimates in these earlier works
were realisti and have suggested that the dispersion is
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smaller. Aording to Molaro et al. (1995), all the ob-
servations are onsistent with the same pristine lithium
abundane and the errors estimated for individual stars
aount for the observed dispersion. Spite et al. (1996)
argued that the satter is fully explained by the temper-
ature equivalent width errors and that the intrinsi sat-
ter, if real, is small. Bonifaio & Molaro (1997) revised
the lithium abundanes in a seleted sample of halo stars
using the infrared ux method (IRFM) temperatures by
Alonso et al. (1996). They found no evidene for intrinsi
dispersion.
In the sample of Ryan et al. (1999), 21 stars out of 23
have abundanes onsistent with an observed spread of a
mere 0.031 dex with referene to the metalliity trend that
they laim to observe. Beause the formal errors are 0.033
dex, they onlude that the intrinsi spread of the Li abun-
danes at a given metalliity is lower than 0.02 dex and
onsistent with zero at the very metal poor halo turno.
This maximum dispersion is muh lower than those ob-
tained by previous studies (Spite et al. ≃ 0.06-0.08 dex,
Bonifaio and Molaro 0.07 dex) who did not introdue any
systemati variation with metalliity.
The situation is dierent in globular lusters where
the lithium abundanes in stars around the turn-o seem
to show a dispersion larger than that observed for eld
stars. Deliyannis et al. (1995) and Boesgaard et al. (1998)
observed the stars near the turno of the old metal poor
globular luster M92. They reveal a spread in abundanes
of a fator of 2-3 for a small sample of stars. Moreover
some of them show a high lithium abundane ompared
to the halo eld plateau.
These variations inside globular lusters may be re-
lated to loal pollution and other eets whih will not be
disussed here. In any ase the very small lithium disper-
sion in halo eld stars (probably less than 10% from the
most reent studies), ats as a strong onstraint on the
theoretial models.
As we will see below, these results argue against strong
lithium depletion in plateau stars. Reent observations of
6
Li onrm this idea.
6
Li has indeed been observed in the
atmosphere of the halo stars HD 84937 by Smith et al.
(1993), Hobbs & Thorburn (1994), Hobbs & Thorburn
(1997) and BD +26o 3578 by Smith et al. (1998). As this
light lithium isotope is more easily destroyed than
7
Li,
these observations, if onrmed, seem to prove that no
strong lithium destrution by nulear reations oured in
these stars during main sequene or pre-main sequene.
Small destrution rates may however be allowed : we will
see that a
7
Li depletion by a fator of two leads to a
6
Li
derease by less than a fator of ve.
3. The lithium plateau : theoretial disussion
The expeted lithium depletion in halo stars is primarily
due to the diusion proesses whih take plae in the ra-
diative regions inside the stars, below the outer onvetive
zones. Due to pressure and temperature gradients, lithium
settles down, as well as helium and other heavier elements.
Mixing indued by rotation, internal waves, or mass loss
related motions may slow down the settling proess, but
then it brings up to the onvetive zone matter in whih
lithium has been destroyed by nulear reations.
These lithium depleting proesses have been exten-
sively studied in the literature. Mihaud et al. (1984) rst
omputed the lithium abundane variations in halo stars
inluding element separation. Their models predited a
downward urvature in the
7
Li isohrones for inreasing
eetive temperature, in ontradition with the observa-
tions. This result, simply due to the derease of the on-
vetive depth for hotter stars, has been onrmed many
times in the literature (Deliyannis et al. 1990, Deliyannis
& Demarque 1991, Prott & Mihaud 1991, Chaboyer &
Demarque 1994, Vaulair & Charbonnel 1995).
Models inluding rotation-indued mixing were pro-
posed to prevent the eet of element separation. As suh
a mixing leads to lithium destrution by nulear reations,
it was suggested that this destrution ould be idential for
all the stars, so that the lithium plateau ould be preserved
(Vaulair 1988, Pinsonneault et al. 1992, 1999, Chaboyer
& Demarque 1994). However, if a onstant lithium abun-
dane an be obtained in this ase, it beomes extremely
diult to aount for suh a small dispersion as observed.
Stellar models whih inlude instabilities related to an-
gular momentum and hemial speies transport require
additional input physis beyond standard models. The im-
portant new ingredients inlude :
1- a distribution of initial angular momenta
2- a desription for angular momentum losses
3- a presription for the internal transport of angular
momentum and for the assoiated mixing proesses in the
stellar radiative regions.
Using various initial angular momenta, Pinsonneault
et al. (1992) obtained lithium depletion fators between 5
and 10 at xed Teff . The lithium abundanes in the plateau
slightly dereased for larger Teff in ontradition with the
observations (this trend was already predited by Vaulair
(1988)). This eet however is quite attenuated for older
ages (14 billion years) as the more lithium depleted stars
at the hot end of the plateau move into the giant branh.
Chaboyer & Demarque (1994) ould also reprodue a
lithium plateau with a large lithium depletion in a simi-
lar framework, using dierent angular momentum loss and
rotational mixing laws. They inluded meridional irula-
tion, dynamial shear, seular shear, Solberg-Hoiland and
Goldreih-Shubert-Frike instabilities. Their results also
showed the same trend of abundane derease with in-
reasing Teff .
Using a distribution of initial angular momenta as in-
ferred from stellar rotation data in young open lusters,
Pinsonneault et al. (1999) obtained a well dened, nearly
at lithium plateau, without the downward trend at the
hot end. A modest satter does remain however, whih in-
reases with the average lithium depletion : this onstraint
exludes a lithium depletion larger than a fator of 3.
Considering the diulty for theoretial omputations,
inluding element settling and rotation indued mixing,
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to aount for both the atness of the lithium plateau
and the small dispersion, Vaulair & Charbonnel (1995)
and Vaulair & Charbonnel (1998) suggested taking into
aount a stellar wind. In some ases, a wind ould pre-
vent the element settling without bringing up to the on-
vetive zone lithium depleted matter. Computations were
done for various mass loss rates, between 1 and 1000 times
the solar wind. Rates larger than 10 times the solar wind
were needed to have any eet on the lithium depletion,
and the best results were obtained for rates of about
10−12M⊙.yr
−1
. In this ase the lithium plateau was niely
reprodued. For larger rates, nulearly depleted matter be-
gan to migrate up into the outer layers, rapidly leading to
large lithium destrution, in ontradition with the obser-
vations. Although appealing, this model suers from the
fat that it needs winds larger than the solar wind, and
that various rates lead to a non-negligible satter in the
results.
The fat that the dispersion in the lithium plateau
is extremely small ompared to the observational errors is
the strongest onstraint for the theoretial models. Several
assumptions have lead to models whih ould aount for
the lithium abundane onstany, but the small observed
satter ould only be reprodued using some ad ho hy-
pothesis on the initial parameters.
In all these omputations, however, the eet of the
µ-gradients indued by element separation was not taken
into aount. In the present paper, we laim that when
it is introdued in the omputations of rotation-indued
mixing, this proess an explain the features observed in
halo stars, inluding the very small dispersion.
4. Diusion and mixing in the presene of
µ-gradients
The meridional irulation veloity in stars, in the pres-
ene of µ-gradients, is the sum of two terms, one due to
the lassial thermal imbalane (Ω-urrents) and the other
one due to the indued horizontal µ-gradients (µ-indued
urrents, or µ-urrents in short). In the most general ases,
µ-urrents are opposite to Ω-urrents (Mestel 1953, Zahn
1992, Maeder & Zahn 1998). When element settling o-
urs below the stellar outer onvetive zone in ool stars,
a small helium gradient builds, even in the presene of
irulation.
Then a new proess must take plae, whih had not
been taken into aount in previous omputations of
diusion-indued µ-gradients. Mestel & Moss (1986) gave
a lengthy disussion of this eet for nulearly-indued µ-
gradients. Chaboyer et al. (1995) simulated a µ-gradient
eet in their diusion omputations in the form of a re-
duing fator fµ whih was taken as a parameter. Vaulair
(1999) (paper I) showed that the resulting µ-gradients are
rapidly large enough to reate µ-urrents of the same or-
der as Ω-urrents. Then a self-regulating proess may take
plae, in whih both the irulation and the settling are
strongly redued.
Here we give preise omputations of the µ-urrents
with the following simplifying assumptions : dierential
rotation is supposed negligible inside the stars (as it is
presently in the sun) and the stellar rotation veloity is
taken as onstant along the stellar lifetime. These assump-
tions neglet the possibility of rotational breaking in early
stages of stellar evolution. This is disussed in the onlu-
sion.
4.1. Computations of Ω and µ-urrents
In the present paper, we have omputed these urrents in
halo stars for dierent metalliities and rotation veloities
and we have done a omplete treatment of the resulting
diusion of the hemial speies, inluding mixing and set-
tling.
As in paper I, we have negleted the deviations from
a perfet gas law as well as the energy prodution terms,
whih are ompletely negligible in the regions of the star
where the proess takes plae.
We also assumed a negligible dierential rotation, as
observed inside the Sun from helioseismi studies. The or-
responding ondition on Ω is :
|
∂ lnΩ
∂ ln r
| <
Ω2r3
GM
(1)
The vertial meridional irulation veloity may be
written (paper I) :
ur =
∇ad
∇ad −∇+∇µ
εΩ
g
(2)
where g represents the loal gravity, ∇ad and ∇ the usual
adiabati and real ratios
(
d lnT
d lnP
)
and ∇µ the mean
moleular weight ontribution
(
d lnµ
d lnP
)
.
The expression of εΩ is obtained as a funtion of the
Ω and µ-urrents :
εΩ =
(
L
M
)
(EΩ + Eµ)P2(cos θ) (3)
with:
EΩ =
8
3
(
Ω2r3
GM
)(
1−
Ω2
2piGρ
)
(4)
Eµ =
ρm
ρ
{
r
3
d
dr
[(
HT
dΛ
dr
)
− (χµ + χT + 1)Λ
]
−
2HTΛ
r
}
(5)
Here ρ represents the density average on the level sur-
fae (≃ ρ) while ρm is the mean density inside the sphere
of radius r; HT is the temperature sale height; Λ repre-
sents the horizontal µ utuations
µ˜
µ
; χµ and χT represent
the derivatives :
χµ =
(
∂ lnχ
∂ lnµ
)
P,T
; χT =
(
∂ lnχ
∂ lnT
)
P,µ
(6)
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While the term with the seond derivative of Λ was ne-
gleted in paper I, these expressions are extensively om-
puted in the present numerial omputations.
Writing ur as :
ur = Ur P2 (cos θ) (7)
the horizontal meridional veloity is given by :
uθ = −
1
2ρr
d
dr
(ρr2Ur) sin θ cos θ (8)
In the following, we also use the notations UΩ and Uµ
dened as :
Ur = UΩ + Uµ (9)
where UΩ represents the part of Ur whih inludes EΩ,
and Uµ the part inluding Eµ, namely :
UΩ =
∇ad
∇ad −∇+∇µ
EΩ
g
L
M
(10)
idem for Uµ.
The expressions and orders of magnitude of the hori-
zontal µ-gradients Λ were extensively disussed in paper I.
In all ases, on a given level surfae Λ is proportional to
the vertial µ-gradient. A general expression an be given
in the form :
Λ =
µ˜
µ
= αΛ · r · ∇ lnµ (11)
where αΛ is a onstant, whih is related to the horizon-
tal diusion oeient in ase of shear ow instabilities by
(Zahn 1993, paper I) :
αΛ =
1
6αh
where αh =
Dh
(Ur · r)
(12)
4.2. Element diusion and abundane variations
As disussed many times in the literature, stellar regions
in whih no marosopi motions take plae are subjet to
element settling indued by pressure and temperature gra-
dients and radiative aeleration ( Mihaud 1970, Mihaud
et al. 1976 (MCV2), Vaulair & Vaulair 1982, Vaulair
& Charbonnel 1995, 1998). When marosopi motions
our, they slow down the settling but do not prevent
it ompletely until an equilibrium onentration gradient
is reahed (Vaulair et al. 1978a (V2M), 1978b (V2SM),
Rihard et al. 1996).
In paper I we showed that in halo stars this equilibrium
gradient is never reahed before the µ-urrents beome
of the same order of magnitude as the Ω-urrents. Thus
the abundane variations indued by settling and rotation-
indued mixing must always be omputed simultaneously.
Computations of element settling have been desribed
many times. Here we use the same presriptions as in
Rihard et al. (1996) with ollision ross setions and
mirosopi diusion oeients as given by Paquette et
al. (1986). Radiative aelerations are negleted, as usual
in these ool stars (preise omputations in the Sun by
Turotte et al. (1998) show that they are indeed negligi-
ble for our purpose).
Rotation-indued mixing is also omputed as in
Rihard et al. (1996) exept for the introdution of
the µ-urrents in the veloity of meridional irulation.
Following Zahn (1992) and (1993), meridional irulation
is suppose to indue shear ow instabilities whih, in a
density stratied medium, lead to large horizontal diu-
sivities. The ombination of the irulation and horizontal
mixing may be treated as a vertial eetive diusion pro-
ess, desribed with an eetive diusion oeient :
Deff ≃
1
Ch
Ur · r with Ch ≃ 30 (13)
Abundane variations of helium, lithium and heavier
elements are omputed within this framework, all along
evolutionary sequenes. The modiations of the internal
struture indued by element diusion are taken into a-
ount in the omputations, as in Rihard et al. (1996).
4.3. Self-regulating proess
The originality of the present paper lies in the introdution
of µ-urrents in the meridional irulation. As disussed
in paper I and veried in the omplete numerial ompu-
tations (see below), µ-urrents beome of the same order
as Ω-urrents for small µ-gradients, rapidly reahed from
helium settling below the onvetive zone. In this ase we
laim that, under some onditions, a self-regulating pro-
ess may take plae in whih both the irulation and the
settling are strongly redued.
At the beginning of the stellar evolution, |Eµ| is smaller
than |EΩ| ; meridional irulation proeeds and indues
transport of hemial elements oupled with settling. The
helium onentration gradient below the onvetive zone
inreases (in absolute value) leading to an inreasing ver-
tial µ-gradient . The horizontal µ-gradient Λ follows pro-
portionally until |Eµ| beomes of the same order as |EΩ|,
where the irulation veloity is expeted to vanish.
Then the whole proess is modied and does not follow
any longer the lassial treatment of the Eddington-Sweet
irulation. Let us all Λcrit the horizontal µ-gradient for
whih |Eµ| = |EΩ|. Without mirosopi diusion, the
whole irulation would beome frozen, keeping horizontal
µ-gradients of the order of Λcrit in every layer. However
mirosopi diusion still proeeds below the onvetive
zone, leading to a slight derease of Λ in the upper radia-
tive layers (this is due to the fat that there is no horizon-
tal µ-gradient inside the onvetive zone beause of rapid
mixing).
As Λ beomes smaller than Λcrit, irulation proeeds
just below the onvetive zone, in the diretion of UΩ.
Doing so, due to mass onservation, it lifts up matter from
below in an asending ow and pushes it down in a de-
sending ow. Although this desription looks like that
of normal meridional irulation, there is a fundamental
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dierene : in the deeper layers, where Λ was lose to
Λcrit, this extra motion reates an over-ritial horizontal
µ-gradient, whih leads to a loal horizontal motion in the
diretion of Uµ. Then part of the matter whih falls down
in the desending ow is transferred to the asending ow
and goes bak up to the onvetive zone where it ame
from. We an infer that, when this ours, the global el-
ement depletion from the onvetive zone is redued in
a signiant way, leading to time sales larger than the
stellar ages.
A good treatment of this self-regulating proess needs
a omplete numerial simulation, whih is planned for a
forthoming paper. Here we used the following approxi-
mation.
In the layers where the irulation time sale (that is,
the time sale of both the Ω-urrents and the µ-urrents
taken separately) is smaller than the settling time sale,
we assumed that, as soon as |Eµ| beomes of the same
order as |EΩ| (within 10%), the µ-gradient remains equal
to the equilibrium one.
On the ontrary, in the layers where the irulation
time sale is larger than the settling time sale, we as-
sumed that the readjustement would have no time to take
plae in a settling time sale and element depletion pro-
eeds unaltered.
In other words, the µ-gradient remains onstant below
the onvetive zone, where UΩ is larger than the settling
veloity, as soon as |Eµ| ≃ |EΩ|. Meanwhile the overall
helium and lithium abundanes are still subjet to deple-
tion due to diusion deeper in the star, at the plae where
the settling veloity beomes larger than UΩ (see below,
Figure 2).
5. Computational results
5.1. Evolution of µ-urrents with time in low
metalliity stars
First we present the results obtained for four low metalli-
ity stars with masses of 0.75M⊙ (hot end of the plateau),
0.70M⊙ (middle of the plateau),0.65M⊙ (ool end of the
plateau) and 0.60M⊙ to show the behavior of the µ-
urrents with time. Here the rotation veloity is assumed
onstant, equal to Vrot = 5 km.s
−1
and the metalliity is
hosen equal to [Fe/H℄=-2.0.
Figures 1 (a, b, , d) display the |EΩ| and |Eµ| pro-
les below the onvetive zones at dierent evolutionary
stages. Eah star arrives on the main sequene with nearly
homogenous omposition. At that time, |Eµ| is smaller
than |EΩ| everywhere inside the star. Meridional irula-
tion and element settling an take plae in the radiative
regions of the star as desribed above. As a onsequene
of the helium settling, the µ-urrents inrease below the
onvetive zone and beome rapidly of the same order as
Ω-urrents.
5.2. Lithium abundane variations in plateau stars
The lithium abundane variations with time have been
omputed using the following senario : mirosopi dif-
fusion damped by rotation-indued mixing ours nor-
mally until the relative dierene between |Eµ| and |EΩ|
beomes smaller than
∼= 10%. Then the self-regulating
proess is supposed to take plae, in whih diusion and
mixing are strongly redued (with time sales larger than
the stellar lifetime). This ours down to the plae where
the mirosopi diusion veloity beomes preponderant
(Figure 2, a, b, ). Below this layer, diusion is assumed
to proeed freely.
Figure 3 presents the lithium abundane variations
with time for a bunh of dierent rotational veloities in
a 0.70M⊙ star. For small rotation veloities, the lithium
abundane variations are mainly due to mirosopi dif-
fusion, dereasing for inreasing rotation veloity. For ve-
loities larger than 6 km.s
−1
the depletion is mainly due
to nulear destrution, whih now inreases with inreas-
ing veloity. For veloities between 2.5 and 7 km.s
−1
, the
resulting dispersion is of order 0.06 dex, going up to .12
dex if the 7.5 km.s
−1
possibility is inluded.
Figure 4 (a, b, ) presents the lithium abundane
variations with time in the outer layers of the four low-
metalliity stars ([Fe/H℄ = -2) with three dierent rota-
tion veloities: 2.5, 5.0 and 7.5 km.s
−1
. The 0.65M⊙ and
0.70M⊙ stars show very similar abundanes and their vari-
ations with the rotation veloity is small exept for the
largest value of 7.5 km.s
−1
. In the 0.75M⊙ star the lithium
abundane is more sensitive to the rotation veloity due
to the smaller diusion time sale. For small veloities the
lithium value in the 0.75M⊙ star is smaller than in ooler
stars while it is larger for veloities larger than 5 km.s
−1
.
For the ooler 0.60M⊙ star, lithium is always more de-
pleted due to the small distane between the bottom of
the onvetive zone and the nulear destrution layer.
Figure 5 (a, b, , d) displays, as an example, the abun-
dane proles for lithium inside the four halo stars, for a
rotation veloity of 6 km.s
−1
.
5.3. Inuene of metalliity and mixing length
parameter on the lithium abundanes
We have tested the inuene of metalliity on the lithium
abundane variations for all the stars, with two dierent
metalliities [Fe/H ] = −2.0 and [Fe/H ] = −3.5. The
urves representing the lithium variations with time are
plotted in Figure 6. These urves are very lose, whih
leads to the onlusion of a very small dependene of the
lithium abundane on metalliity.
We have also tested the inuene of varying the mixing
length parameter used for the omputation of the onve-
tive zone: the results are presented in Figure 7. The dier-
enes are very small : the results are not sensitive to small
variations of the depth of the onvetive zone.
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5.4. The ase of ool stars : introdution of a
taholine
The lithium depletion obtained for the 0.60M⊙ star, whih
is ooler than the lithium plateau, is not suient to a-
ount for the observations, exept for a rotation veloity
of 7.5 km.s
−1
. The observations show, for these eetive
temperatures, a lithium depletion by at least a fator of
10, while the omputations obtained by using the same
physial inputs as those introdued for the three others
stars give a lithium depletion of only 60% for 2.5 km.s
−1
and 80% for 5 km.s
−1
.
However, at suh eetive temperatures, a taholine
layer is supposed to take plae below the onvetive zone,
as in the Sun (Spiegel & Zahn 1992). We introdued in the
omputations an exponential mixing just below the on-
vetive region to reprodue the eets of this taholine.
The width of the mixed layer was taken as 0.01 R∗ and the
diusion oeient was 100 m
2
.s
−1
below the onvetive
zone, dereasing exponentially underneath.
We then obtained the lithium variation with time as
plotted on Figure 8 for a veloity of 5 km.s
−1
, giving a
lithium depletion by a fator 20, onsistent with the ob-
servations. We have further heked that suh a narrow
taholine layer, if present in hotter stars, would not mod-
ify the previously obtained results.
5.5. Abundane variations of
6
Li
We have done the same omputations for
6
Li as for
7
Li
in the plateau stars. Figure 9 displays the results for a
0.70M⊙ star with metalliity [Fe/H℄ = -2 and the same
values of the rotation veloity as for
7
Li in Figure 3. The
results dier for the two isotopes beause
6
Li is more easily
destroyed by nulear reations than
7
Li, while the inu-
ene of mirosopi diusion is about the same. For small
rotation veloities, less than 7 km.s
−1
,
6
Li is destroyed by
about a fator of two. For larger veloities it goes up to a
fator of 5. In any ase, if
6
Li is present at the beginning
of the stellar evolution, a non negligible amount remains
at the age of halo stars.
6. Disussion
The results obtained in this paper are ompared to the
observational points and error bars given by Bonifaio &
Molaro (1997) in Figure 10 (a) and (b). The solid urve
drawn in Figure 10(a) represents averaged depletion values
for rotation veloities between 2.5 and 7.5 km.s
−1
. The
original lithium value is A(Li) = 2.5. In gure 10 (b),
two extreme urves are given, again with the assumption
of rotation veloities between 2.5 and 7.5 km.s
−1
. The
expeted dispersion is very small (of order 0.1 dex) at
the middle of the lithium plateau. It beomes larger at
both extremes: for the hotter side, it is due to the shorter
diusion time sale and for the ooler side to the proximity
of the nulear destrution layers.
A omplete treatment of the self-regulating proess de-
sribed in setion 4-3 would need numerial simulations
whih are in preparation. Here we have assumed that this
eet signiantly redues both the irulation and the
diusion as the irulation time sale is smaller than the
diusion time sale while it is supposed to proeed unal-
tered below. Suh a simple sheme gives results onsistent
with the lithium observations in halo stars. No mass loss
has been taken into aount, whih means that the mass
loss rate is assumed smaller than 10−13M⊙.yr
−1
(Vaulair
& Charbonnel 1995).
Two important assumptions have been used in these
omputations : the stellar rotation veloity was taken as
a onstant during evolution and the dierential rotation
inside the stars was assumed negligible.
The rst assumption is impossible to hek diretly, as
we have no aess to the past rotational history of halo
stars. It is generally assumed that they suer the same
rotational breaking as pop I stars. However they have not
been formed in the same way, not being in the same gala-
ti sites, and their kinematis is dierent. There is no rea-
son why halo stars should behave exatly in the same way
as open luster stars. If the rotational veloity of halo stars
was larger in the past, we would expet a larger lithium
destrution before the self-regulating proess we have de-
sribed takes plae. This annot be exluded, so that the
result we give below has to be taken as the lower limit of
the primordial value.
The seond assumption is supported by reent helio-
seismi results, whih show that the internal rotation of
the Sun follows a solid body law exept in the onve-
tive zone. We may suppose that the same ours in halo
stars. The fat that the obtained results niely reprodue
the observations argue in favour of this hypothesis. Note
that the most eient way to reah this situation seems
to be the presene of a very small magneti eld (Mestel
et al. 1987, Charbonneau & MaGregor 1992) whih, as
disussed by Mestel (1999), would suppress dierential ro-
tation without altering large-sale motion. Suh a physis
has to be further studied.
It is possible, however, that in some spei stars, due
to gravitational interation with other stars or to some un-
known other proess, dierential rotation does our. This
ould explain the existene of some stars with no observed
lithium below the plateau : lithium would have been de-
stroyed there by nulear reations due to extra mixing.
It ould also explain why some dispersion is observed in
globular luster stars while it is not observed in eld stars
(Boesgaard & Deliyannis 1998).
Futher omputations have to be done to desribe more
preisely the hydrodynamial situation whih ours when
the µ-urrents oppose the Ω-urrents below the onvetive
zones of slowly rotating stars. Appliations to lithium in
open lusters are underway. The results presented here
are very enouraging in this respet. They show that the
plateau an be reprodued with no ad ho" adjustment of
any parameter, with an overall lithium depletion slightly
smaller than a fator two. In this ase
6
Li is still present
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Masse M=0.75 M⊙ M=0.70 M⊙ M=0.65 M⊙ M=0.60 M⊙
log
Li
Li0
Teff log
Li
Li0
Teff log
Li
Li0
Teff log
Li
Li0
Teff
V=2.5 km.s
−1
10 Gyrs -0.29 6393 -0.20 6059 -0.22 5718 -0.52 5383
12 Gyrs -0.38 6524 -0.26 6139 -0.28 5773 -0.57 5421
V=5.0 km.s
−1
10 Gyrs -0.26 6391 -0.18 6059 -0.18 5715 -0.64 5185
12 Gyrs -0.31 6473 -0.22 6133 -0.21 5770 -0.73 5226
V=7.5 km.s
−1
10 Gyrs -0.21 6397 -0.28 6059 -0.46 5720 -1.34 5385
12 Gyrs -0.23 6507 -0.32 6136 -0.52 5774 -1.47 5423
Table 1. Lithium depletion and eetive temperatures of stars for the four onsidered masses, three dierent rotation
veloities and two ages. Here no taholine is inluded in the models.
in the plateau stars. The primordial lithium value is then
found as 2.5 ± 0.1, onsistent with the reent determi-
nations of D/H and
4
He/H (see Burles & Tytler 1998).
These results give a baryoni number η = (5 ± 1).10−10
and a baryoni density Ωbh
2
between 0.015 and 0.022.
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Figure 1. a. Evolution of µ-urrents with time inside the star. The graphs show the variations with depth of both
|EΩ| and |Eµ| (dened in eq. 4 and 5) in a 0.75M⊙ halo star with [Fe/H ] = −2 and Vrot = 5 km.s
−1
.
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Figure 1. b. Same gure as Figure 1.a. for a 0.70M⊙ halo star.
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Figure 1. . Same gure as Figure 1.a. for a 0.65M⊙ halo star.
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Figure 1. d. Same gure as Figure 1.a. for a 0.60M⊙ halo star.
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Figure 2. a. Mirosopi diusion veloity below the onvetive zone of a 0.75M⊙ star ompared to the lassial
meridional irulation veloity UΩ (dened in eq. 10). When Vdif < UΩ, the self-regulating proess an our while
when Vdif > UΩ, the irulation annot ompensate for the eet of diusion.
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Figure 2. b. Same gure as Figure 2.a. for a 0.70M⊙ star.
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Figure 2. . Same gure as Figure 2.a. for a 0.65M⊙ star.
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Figure 3. Lithium abundane variations at the surfae of a 0.70M⊙ star for rotation veloities between 2.5 and 7.5
km.s
−1
. The minimum depletion is obtained for 6 km.s
−1
. For smaller veloities, depletion is mainly due to mirosopi
diusion while for larger veloities it is mainly due to nulear destrution. Due to the self-regulating proess, the
obtained dispersion is quite small.
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Figure 4. Lithium abundane variations at the surfae of the four halo stars, with three dierent rotation veloities :
(a) : 2.5 km.s
−1
, (b) : 5 km.s
−1
, () : 7.5 km.s
−1
.
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Figure 5. Lithium proles inside the four halo stars, with a rotation veloity of 6 km.s
−1
. Dashed line : 0.029 Gyrs,
long dashed dotted line : 1.869 Gyrs, dotted line : 3.738 Gyrs and solid line : 10.095 Gyrs.
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Figure 6. Lithium abundane variation with time for 0.70M⊙ halo stars with two dierent values of the metalliity.
Figure 7. Lithium abundane variation with time for 0.70M⊙ halo stars with two dierent values of the mixing length
parameter.
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Figure 8. Lithium abundane variation with time for 0.60M⊙ halo stars with and without taholine. Solid line :
stellar model without taholine, dashed line : stellar model with taholine.
Figure 9. Lithium 6 abundane variations at the surfae of a 0.70M⊙ star for rotation veloities between 2.5 and 7.5
km.s
−1
.
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Figure 10. Comparison between the omputations of lithium depletion and the observational values of Bonifaio &
Molaro (1997). (a) : average urve obtained for rotation veloities between 2.5 and 7.5 km.s
−1
. Here a taholine is
introdued as explained in setion 5.4. The original lithium value is hoosen as 2.5 to t the observations. (b) : expeted
dispersion if the rotation veloities lie between 2.5 and 7.5 km.s
−1
. The observational error bars are not shown for
larity.
